1. Introduction {#sec1-molecules-23-02971}
===============

Mammalian heparanase is an endo-β-glucuronidase with both enzymatic and non-enzymatic functions. In addition to its important roles in physiology and development, heparanase mediates numerous pathological processes such as tumour growth, metastasis, angiogenesis and inflammation \[[@B1-molecules-23-02971],[@B2-molecules-23-02971]\]. The primary enzymatic function of heparanase is to degrade heparan sulfate (HS), a highly sulfated polysaccharide found in the extracellular matrix (ECM) and on the mammalian cell surface \[[@B3-molecules-23-02971]\]. The degradation of HS by heparanase regulates the bioavailability of HS-binding proteins, primes the tumour microenvironment and facilitates the spread of invasive tumour and inflammatory cells. Heparanase is now well established as a cancer drug target, and several inhibitors have progressed to clinical trials \[[@B4-molecules-23-02971]\]. In recent years, heparanase has also been implicated in a range of other diseases \[[@B4-molecules-23-02971]\], such as diabetes and its complications \[[@B5-molecules-23-02971]\], kidney disease \[[@B6-molecules-23-02971]\], atherosclerosis \[[@B7-molecules-23-02971]\] and viral infections \[[@B8-molecules-23-02971]\], to name a few, which continues to fuel research into this important protein. The potential for heparanase inhibitors as therapeutics for a range of diseases cannot be overstated.

Heparanase was recognised as a potential therapeutic target for cancer in the 1980s \[[@B9-molecules-23-02971],[@B10-molecules-23-02971]\], but it was not until 1999 that it was first cloned and expressed \[[@B11-molecules-23-02971],[@B12-molecules-23-02971]\]. The somewhat limited progress in heparanase research in the early years could be attributed in part to the lack of a robust, accurate and rapid assay for enzyme activity. Over the years, a plethora of assays have been developed to advance heparanase research and identify new inhibitors; however, no single method has emerged as the "gold standard", despite the commercialization of a few assays. Indeed, the continued publication of new heparanase assays in the recent literature highlights the limitations of currently used methods and the need for improved assays. Herein, we first describe the substrate specificity and catalytic mechanism of heparanase, which are important considerations for assay design. We then review the various heparanase assays that have emerged over the years, focusing on recent developments and comment on their strengths and limitations. We have excluded assays for quantitation of heparanase expression levels or detection/visualization of heparanase localization in biological samples. Instead, we focus only on enzyme activity assays as the latter are of most interest for screening and identification of new inhibitors as potential therapeutics.

2. Heparanase Mechanism and Substrate Specificity {#sec2-molecules-23-02971}
=================================================

Heparanase (HPSE), the sole HS-degrading endo-β-glucuronidase, is a member of the GH79 family of carbohydrate processing enzymes, which is characterised by a (β/α)8 domain containing the catalytic site \[[@B13-molecules-23-02971]\]. The crystal structure of human heparanase has recently been solved, revealing details of its active site and HS-binding cleft \[[@B13-molecules-23-02971]\]. Heparanase hydrolyses the internal glycosidic bonds of GlcA residues at a limited number of specific locations within HS to release smaller HS fragments. The hydrolysis occurs via a double displacement mechanism with net retention of anomeric configuration \[[@B14-molecules-23-02971]\], and so heparanase is classed as a retaining glycosidase. Several substrate specificity studies \[[@B15-molecules-23-02971],[@B16-molecules-23-02971],[@B17-molecules-23-02971],[@B18-molecules-23-02971],[@B19-molecules-23-02971],[@B20-molecules-23-02971]\] indicate that heparanase cleaves the linkage between a GlcA and an *N*-sulfoglucosamine residue carrying either a 3-*O*-sulfo or a 6-*O*-sulfo group. It was concluded that the minimum recognition sequence is a trisaccharide ([Figure 1](#molecules-23-02971-f001){ref-type="fig"}), consistent with recent findings from an X-ray crystallographic study \[[@B13-molecules-23-02971]\]. These studies suggest that heparanase recognises certain sulfation patterns rather than specific monosaccharide sequences \[[@B18-molecules-23-02971]\], and cleavage occurs at the non-reducing side of highly sulfated S domains \[[@B20-molecules-23-02971]\]. Heparanase has also been shown to display plasticity in its substrate specificity depending on the structural features around the cleavage site \[[@B19-molecules-23-02971],[@B21-molecules-23-02971]\].

3. Assaying Heparanase {#sec3-molecules-23-02971}
======================

Many and various assays for heparanase activity have been developed over the years. Most typically use HS, HS proteoglycan (HSPG) or heparin preparations as substrate and generally require prior labelling with radioisotopes (^35^S, ^14^C or ^3^H), fluorescent labels or biotin (or both) to allow detection. Many assays are microplate based in which HS is immobilised onto the surface of the plate either before or after treatment with heparanase. Heparanase activity is determined by quantifying either the smaller HS fragments liberated during catalysis or the residual unreacted substrate. Some of these plate-based assays have proven useful for high throughput screening, and a few have been commercialised. In recent years, there has been much interest in the development of heparanase assays using defined oligosaccharide substrates. For our discussion we have arbitrarily grouped these assays into those that use either heterogeneous heparin/HS based substrates or homogeneous HS oligosaccharide-based substrates.

3.1. Heparin/HS-Based Assays {#sec3dot1-molecules-23-02971}
----------------------------

An early assay used \[^14^C\]-labeled HS immobilised onto agarose gel beads \[[@B22-molecules-23-02971]\], which resulted in release of labelled HS fragments upon treatment with heparanase. Similar assays were later developed using \[^3^H\]-labelled HS immobilised on sepharose beads and detected using 96-well plates \[[@B23-molecules-23-02971]\], or with \[^3^H\]-labelled biotinylated HS immobilised on streptavidin-coated plates \[[@B24-molecules-23-02971]\]. Another assay using \[^3^H\]-labelled HS passed the HS digest through a column of chicken histidine-rich glycoprotein (cHRG) immobilised on sepharose \[[@B25-molecules-23-02971]\]. This assay takes advantage of the decreased affinity of the HS degradation products for cHRG.

Several heparanase assays were designed to fractionate between substrate and product HS based on their size difference. Early assays used size exclusion chromatography (SEC) \[[@B26-molecules-23-02971],[@B27-molecules-23-02971]\] or SEC-HPLC \[[@B28-molecules-23-02971]\] to separate between the two populations of radiolabelled HS. Later, ultrafiltration devices with specific pore size membranes were used to simplify and accelerate the process of fractionating digested HS \[[@B29-molecules-23-02971],[@B30-molecules-23-02971],[@B31-molecules-23-02971]\]. Another assay takes advantage of the fact that the smaller HS products of heparanase catalysis are more soluble than undegraded HS in the presence of ionic detergents such as cetylpyridinium chloride, resulting in separation of substrate and product HS \[[@B28-molecules-23-02971],[@B32-molecules-23-02971]\]. This assay is simple and inexpensive; however, inconsistency at the precipitation step reduces its robustness. Another size-dependent method for separating substrate HS from product that does not necessarily require radiolabelling is gel electrophoresis \[[@B33-molecules-23-02971],[@B34-molecules-23-02971]\]. Size-dependent assays are typically longer and less suited to high throughput but have the benefits of being robust and do not rely upon expensive equipment.

In an effort to increase throughput, HS was incorporated within a tablet of polyacrylamide gel from which the smaller heparanase degraded fragments diffused leaving only the undegraded HS \[[@B34-molecules-23-02971]\]. At the conclusion of this assay, Alcian Blue was used to quantify the remaining undegraded HS. The dye Tetrazolium Blue, which reacts with the reducing ends of carbohydrates, has also been used to assay heparanase activity, because with each catalytic event, a new reducing end is produced \[[@B35-molecules-23-02971]\]. The simplicity and low cost are offset by the high background signal caused by the presence of reducing ends of the substrate HS which reduces the sensitivity.

Behzad and Brenchley biotinylated HS non-specifically with photobiotin and then formed reactive dialdehyde groups on the HS by treatment with sodium periodate. The substrate was then immobilised covalently onto a hydrazide-coated plate. Heparanase activity resulted in loss of the biotin label and was detected by a reduction in binding of streptavidin--horseradish peroxidase \[[@B36-molecules-23-02971]\]. Huang et al. labelled HS at the reducing end with biotin followed by reaction with a fluorophore (FITC or a Eu-chelate). The dual-labelled HS substrate was then bound to streptavidin-coated plates, and the reaction products were monitored by the release of fluorescently labelled fragments in the solution \[[@B37-molecules-23-02971]\]. Enomoto and coworkers developed a fluorescence resonance energy transfer (FRET)-based assay using a similarly dual-labelled HSPG substrate ([Figure 2](#molecules-23-02971-f002){ref-type="fig"}). The HS chain was labelled with a Eu-cryptate (fluorescence donor) via reductive amination onto dialdehyde groups generated by periodate treatment, and the core protein was labelled with biotin \[[@B38-molecules-23-02971]\]. In this case, degradation of the substrate was detected by measuring the time-resolved fluorescence (homogeneous time-resolved fluorescence or HTRF^®^) following addition of streptavidin labelled with a cross-linked allophycocyanin pigment (XL665) as the fluorescence acceptor. This type of assay is available commercially \[[@B39-molecules-23-02971]\]. Very recently, Desai and coworkers prepared a FRET substrate, heparin-DE, by incubating heparin simultaneously with the FRET pair of DABCYL and EDANS \[[@B40-molecules-23-02971]\]. The substrate proved to be useful for screening inhibitors in a microplate format and has the advantage of rapid, one-step preparation. However, the product is heterogeneously labelled, making reproducibility an issue. In a similar, but more controlled, approach, Wang et al. \[[@B41-molecules-23-02971]\] prepared a low molecular weight heparin (LMWH) substrate with the FRET donor and FRET acceptor exclusively at the non-reducing and reducing ends, respectively (see below).

Recently, biotinylated HS was immobilised onto a protamine-coated plate. Following treatment with heparanase, the immobilised biotinylated HS not digested by heparanase was detected with a Eu-streptavidin conjugate \[[@B42-molecules-23-02971]\]. Wu and coworkers \[[@B43-molecules-23-02971]\] biotinylated HS at the non-reducing end in an elaborate but controlled fashion by first enzymatically attaching an azido-labelled sugar, GlcNAz, with the glycosyltransferase EXT1/2 to HS chains attached to the proteoglycan rhSynd4. The biotin was introduced via a Cu(I)-catalysed "click" reaction, and the conjugate was then immobilised onto an anti-Synd4 antibody-coated plate. Detection of heparanase activity was via streptavidin-horseradish peroxidase, similar to Behzad and Brenchley. The above assays are similar in concept to some assays, including a commercially available kit \[[@B44-molecules-23-02971]\], where the heparanase reaction is performed in solution, and the biotinylated HS is detected via avidin/streptavidin-peroxidase. In these assays, the digested HS is passed over a plate containing immobilised FGF-2 \[[@B44-molecules-23-02971]\] or protamine \[[@B45-molecules-23-02971]\] to which heparanase-degraded HS fragments do not bind. Detection in this type of assay has also been accomplished without biotinylation of HS by using a horseradish peroxidase-conjugated anti-FGF-2 antibody \[[@B46-molecules-23-02971]\]. Another commercially available kit is presumably similar, although the identity of the HS-binding protein immobilised on the microplate is not revealed \[[@B47-molecules-23-02971]\]. Huang et al. similarly used immobilised FGF-2 microplates with fluorescently labelled (FITC or Eu-chelate) but non-biotinylated HS with detection by fluorescence \[[@B37-molecules-23-02971]\].

Heparanase is known to degrade the clinically used anticoagulants heparin and LMWH. Heparanase activity has thus also been determined indirectly by measuring the decrease in plasma anticogualant activity (APTT and anti-Xa activity) of heparin or LMWH \[[@B48-molecules-23-02971]\]. Ahn and coworkers also demonstrated the use of an anti-Xa assay with LMWH as substrate but using bacterial heparinase I as a commercially available enzyme model for heparanase \[[@B49-molecules-23-02971]\]. Some other assays for bacterial heparinases also have the potential to be utilised for heparanase but have yet to be fully exploited for this purpose. For example, a simple FRET-based substrate was recently reported by Wang et al. consisting of LMWH labelled with a fluorescent donor at the non-reducing end and an acceptor at the reducing end \[[@B41-molecules-23-02971]\]. LMWH bearing a Δ4,5-unsaturated uronic acid at the non-reducing end was selectively labelled with 2-(2-mercaptoethylamino)benzamide via a Michael addition. The acceptor fluorophore, 2-aminoacridone, was then introduced at the reducing end via reductive amination. The substrate was successfully tested against bacterial heparinase II, but it should be applicable for assaying heparanase. Ban et al. \[[@B50-molecules-23-02971]\] prepared HS-coated gold nanoparticles by first mixing HS in water with HAuCl~4~ followed by the addition of trisodium citrate. Cleavage of the HS chains by heparinase treatment resulted in the aggregation of the gold nanoparticles, causing a large redshift in the absorbance spectrum which was detectable to the naked eye. This assay should also be suitable for detecting heparanase activity.

While some of the above HS-based assays offer improvements over past assays, overall the improvements have been incremental, and many of the assay principles can be considered to be simply variations on a theme. Some assays are undoubtedly useful for high throughput screening; however, they all have limitations. Other than the commercially available kits, most of the above methods are time consuming because of the need to label or immobilise the substrate. Radiolabelling has been largely superseded by labelling with biotin and/or fluorophores. However, the main limitations of using HS, other than cost, are common to most assays. HS is heterogeneous, making it difficult to standardise assays due to its high structural complexity and diversity. Moreover, HS contains multiple and variable heparanase cleavage sites, depending on the source of HS, and the assays are complicated by the fact that the heparin/HS fragments initially produced may either be substrates for further enzymatic cleavage, or inhibitors. The assays often only yield semi-quantitative results, usually as an IC~50~, making comparisons of the potency of various inhibitors from different sources difficult.

3.2. Homogeneous HS Oligosaccharide Substrates {#sec3dot2-molecules-23-02971}
----------------------------------------------

A homogeneous substrate of low molecular weight with a single point of cleavage clearly would greatly simplify assaying for heparanase activity. Homogeneous, low molecular weight heparin/HS oligosaccharides have indeed found great utility as tools and probes to understand the mechanism and substrate specificity of heparanase. Detection of heparanase activity has typically been carried out by SEC \[[@B15-molecules-23-02971],[@B19-molecules-23-02971]\], HPLC \[[@B16-molecules-23-02971]\], HPLC-MS \[[@B17-molecules-23-02971]\] or NMR spectroscopy \[[@B14-molecules-23-02971]\]. With the exception of fondaparinux (**1**, [Scheme 1](#molecules-23-02971-sch001){ref-type="scheme"}), most of these oligosaccharides have required either tedious separation and isolation following degradation of heparin/HS, sometimes with prior radiolabelling, or complex total or chemoenzymatic synthesis. Thus, they suffer from lack of (commercial) availability.

One homogeneous heparanase substrate that is commercially available is fondaparinux (**1**), the fully synthetic methyl glycoside of the antithrombin (AT)-activating pentasaccharide sequence of heparin \[[@B51-molecules-23-02971]\], marketed as the anticoagulant drug Arixtra^®^. The cleavage of **1** with heparanase results in the formation of disaccharide **3** and trisaccharide **4** ([Scheme 1](#molecules-23-02971-sch001){ref-type="scheme"}), and the reaction can be readily followed by ^1^H-NMR spectroscopy \[[@B14-molecules-23-02971]\]. A heparin-derived octasaccharide containing the AT binding sequence was shown to be cleaved by heparanase \[[@B15-molecules-23-02971]\], and as discussed above, anti-Xa assays with heparin/LMWH heparin have been used to detect heparanase activity. Not surprisingly then, heparanase activity has also been determined by the anti-Xa assay using **1** as substrate \[[@B52-molecules-23-02971],[@B53-molecules-23-02971]\], which should provide more consistent results compared with heparin/LMWH, which are heterogeneous and of variable composition.

Bisio et al. developed an LC/MS method for detecting and quantifying the oligosaccharide cleavage products **3** and **4** following treatment of **1** (also known as AGA\*IA~M~) with heparanase \[[@B17-molecules-23-02971]\]. The LC/MS method is conceptually simple and has the advantage of directly quantifying the reaction products and not requiring the addition of exogenous protein (i.e., AT) which could potentially interfere with the assay. The method is suitable for screening potential heparanase inhibitors; however, the amount of protein consumed per assay is relatively high, and an unfavourable substrate to protein ratio make derivation of kinetic parameters difficult. In light of the above limitations, an improved assay was developed using **1** as the substrate based on the detection of the newly formed reducing disaccharide **3** \[[@B54-molecules-23-02971]\] by reaction with the water-soluble tetrazolium salt 4-\[3-(4-iodophenyl)-2-(4-nitrophenyl)-2*H*-5-tetrazolio\]-1,3-benzene disulfonate (or WST-1). WST-1 reacts with the reducing end of disaccharide **3** to form a water-soluble formazan detected by UV absorbance at 584 nm, unlike other dyes which formed precipitates that interfered with the assay. The assay enabled the rapid kinetic characterization of inhibitors which were readily discriminated by their *K*~i~ values, with the data being directly comparable across studies. The simplicity and robustness of this method has seen it used successfully in drug discovery programs, e.g., leading to the discovery of the clinical candidate PG545 \[[@B55-molecules-23-02971],[@B56-molecules-23-02971]\], and it has been miniaturized and used in a high-throughput screening campaign. Whilst useful for screening and characterizing inhibitors, a limitation of the assay is its unsuitability for assaying biological samples because of interference from other reducing compounds that also react with WST-1.

Recently, two new fondaparinux assays have been reported. The first uses "Polymer-H" \[[@B53-molecules-23-02971],[@B57-molecules-23-02971]\], a fluorescent copolymer originally developed as a heparin sensor which strongly interacts with sulfated poly- and oligosaccharides, including **1**. When Polymer-H interacts with heparin or **1**, its fluorescence is quenched. However, oligosaccharides **3** and **4** have poor affinity for Polymer-H, so the cleavage of **1** by heparanase results in a measurable increase in fluorescence. This assay is more rapid than the WST-1 method and is not affected by the presence of reducing sugars in the sample; however, it is unclear whether it can be adapted to biological samples because of the presence of multiple endogenous glycosaminoglycans (GAGs) in the latter. The second assay is a variation of the WST-1 assay and uses the sodium salt of resazurin \[[@B42-molecules-23-02971]\], a commercially available dye which also reacts with reducing sugars. Unlike WST-1, the product of the reaction is fluorescent and is detected at 590 nm following excitation at 560 nm. However, similarly to the WST-1 assay, it cannot be used for biological samples.

Whilst **1** is cleaved by heparanase, a better substrate is the related pentasaccharide **2** (AGAIA~M~) in which the 3-*O*-sulfo group of the central [d]{.smallcaps}-glucosamine residue is replaced by a hydroxy group. Compound **2** is hydrolysed approximately six times more rapidly \[[@B17-molecules-23-02971]\] than **1**, in agreement with previous findings that 3-*O*-sulfation of the central [d]{.smallcaps}-glucosamine residue hinders cleavage by heparanase slightly \[[@B16-molecules-23-02971]\]. However, **2** is only accessible via laborious total synthesis \[[@B58-molecules-23-02971]\], whereas **1** is commercially available. Simpler HS tri- or tetrasaccharides have been synthesised as putative heparanase substrates (e.g., [Figure 3](#molecules-23-02971-f003){ref-type="fig"}) \[[@B59-molecules-23-02971],[@B60-molecules-23-02971],[@B61-molecules-23-02971]\]. The degradation of these substrates by heparanase should be amenable to detection by similar means as described for **1**, e.g., via WST-1 or resazurin, but to date this has not been reported. Despite the shorter syntheses compared with **1**, the number of steps and overall yield further illustrate the challenges of total synthesis of heparin/HS oligosaccharides.

The synthesis of simple, homogeneous heparanase substrates with chromogenic, fluorogenic or other non-sugar leaving groups has also attracted much interest. Fluorogenic and chromogenic substrates are commercially available and are used routinely for assaying numerous glycosidases. Such substrates are attractive because of their simplicity, reproducibility and ease of detection/sensitivity. In addition, they may be suitable for use in biological systems because of the lack of interference from endogenous molecules. Pearson et al. synthesised a series of disaccharides with various chromogenic or fluorogenic leaving groups as potential heparanase substrates \[[@B62-molecules-23-02971]\]. Two of the *N*-sulfated compounds, **7** and **8** ([Figure 4](#molecules-23-02971-f004){ref-type="fig"}), with 4-nitrophenol and 4-methylumbelliferyl leaving groups, respectively, were shown to be cleaved by heparanase, although the specific activity was modest (17--48 nmol h^−1^ mg^−1^), especially for **7**. The corresponding *N*-acetylated compounds were inactive, as were those with charged aromatic aglycones. Compound **8** was the better substrate, offering greater sensitivity due to detection by fluorescence, and the 4-methylumbelliferyl is a better leaving group resulting in faster turnover. It was thus postulated that a compound such as **9**, with an additional 6-*O*-sulfo group on the glucosamine residue, as found in **1** or **2**, would likely have greater affinity for heparanase and would thus be a better substrate. Unfortunately, due to synthetic limitations, **9** was not prepared during this particular study. Recently, a molecular docking study of **9** using the X-ray crystal structure of recombinant human heparanase suggested that **9** should indeed be a useful substrate \[[@B63-molecules-23-02971]\]. Disaccharide **9** has recently succumbed to synthesis (Ferro et al., unpublished results), and its performance as a heparanase substrate will be reported in due course.

Ohmae and coworkers \[[@B64-molecules-23-02971]\] also reported a disaccharide substrate (**10**) for heparanase which is analogous to **8**. Compound **10** has a fluoride as the leaving group instead of a 4-methylumbelliferyl group, but also lacks 6-*O*-sulfation. Compound **10** was shown to be hydrolysed by heparanase via ^1^H-NMR spectroscopy. The reaction was relatively slow, with only 84% of substrate consumed after 6.6 h. This substrate would also likely benefit from an additional sulfo group at C-6 of the glucosamine residue.

4. Conclusions {#sec4-molecules-23-02971}
==============

The importance of heparanase in biology has led to the development of numerous assays over the years to detect its enzymatic activity and to screen for inhibitors. The assays developed to date have tried to address, mostly incrementally, the various limitations of their predecessors. Radiolabelling has largely been superseded by various colorimetric or fluorescence detection methods. Most assays continue to use heterogeneous substrates prepared by derivatization of HS or heparin/LMWH in various ways. These assays are limited by their heterogeneity and multiple enzyme cleavage sites but are often suitable for high throughput screening and are generally robust, allowing their use in biological samples. On the other hand, advances in the synthesis of simple synthetic oligosaccharide substrates with a single point of cleavage could ultimately lead to a "gold standard" assay for detailed kinetic analyses. Progress continues to be made with both HS and oligosaccharide-based assays, and it is anticipated that in the future more optimised assays will be commercially available. It remains to be seen whether a single, universal assay will emerge, or whether there will be different assays for different applications.
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Figures and Scheme
==================

![(**a**) Minimum HS substrate recognition sequence for heparanase. Essential charged groups in red; other charged groups which may improve affinity in blue (R = SO~3~Na); (**b**) reconstruction of the preferred HS cleavage sequences from a recent substrate specificity study \[[@B20-molecules-23-02971]\].](molecules-23-02971-g001){#molecules-23-02971-f001}

![Heparanase assay using HTRF^®^. HSPG labelled with Eu-cryptate and biotin is detected by measuring time-resolved fluorescence after the addition of XL665-labeled streptavidin (XL665-SA). Degradation of substrate by heparanase decreases the HTRF signal. B, biotin; SA, streptavidin; FRET, fluorescence resonance energy transfer. Reproduced with permission \[[@B38-molecules-23-02971]\].](molecules-23-02971-g002){#molecules-23-02971-f002}

![Cleavage of fondaparinux (**1**, AGA\*IA~M~) and the related pentasaccharide (**2**, AGAIA~M~) by heparanase.](molecules-23-02971-sch001){#molecules-23-02971-sch001}

![(**a**) Structures of putative heparanase substrates from a library synthesised by Yu and coworkers \[[@B59-molecules-23-02971],[@B61-molecules-23-02971]\]; (**b**) putative heparanase tetrasaccharide substrate synthesised by Tamura and coworkers \[[@B60-molecules-23-02971]\].](molecules-23-02971-g003){#molecules-23-02971-f003}

![Structures of synthetic disaccharide substrates for heparanase \[[@B62-molecules-23-02971],[@B64-molecules-23-02971]\].](molecules-23-02971-g004){#molecules-23-02971-f004}
